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FRACTIONAL POWER SERIES AND PAIRINGS
ON DRINFELD MODULES
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1. INTRODUCTION

Let L be a perfect field of characteristic p. Recall that a polynomial f(x) € L[z]
is called additive if f(x +vy) = f(z) + f(y) identically. It is easy to see that a
polynomial is additive if and only if it is of the form

f(z) = apx + aya®P + asz? + -+ ana?" .

The set of additive polynomials forms a noncommutative ring in which (fog)(z) =
f(g(x)). This ring is generated by the scalar multiplications x +— ax for a € L, and
by 7(x) = xP. In this ring we can write the f above as ag+a17+aa7?+- - +a,7",
and we will denote the ring by L{7}, using braces instead of brackets to remind
ourselves that it is a twisted polynomial ring in 7. The indeterminate 7 does not
commute with elements of L (which are acting as scalar multiplications); instead if
a € L, then Ta = aP7 as additive polynomials.
Following Ore [17], we define the adjoint of f to be the expression

2 n n
FH(x) = apz + a)/Px P 4 )/ 2P 4 gl

This defines a function on L (and its algebraic closure) since L is perfect. Goss
observed that the kernel of f (the set of zeros of f in a fixed algebraic closure of L)
generates the same field extension as the kernel of f*, by using a formula of Ore [17]
which expresses the zeros of f* explicitly in terms of determinants involving the
zeros of f. One might ask whether there is a natural Galois-equivariant isomorphism
between ker f and ker f*. In general, the answer is no. But, as was discovered
independently by the author and N. Elkies [6], there is something which is just as
good:

Theorem. There exists a natural Galois-equivariant pairing
ker f x ker f* — ).

One of the main results of this paper is the generalization of this theorem to the
situation where f is an additive power series. Let C be an algebraically closed field
of characteristic p which is complete with respect to a (non-archimedean) absolute
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value | |. If f € C[[2]] is an additive power series, its adjoint is a “linear fractional
power series” of the form

g(z) = boz + b 2P + b2 /P 4

It is easy to see that such a series converges for all z when the b; tend to zero. In
this case, we will show that g defines a continuous group homomorphism C' — C|
which is surjective and open if nonzero. One can see immediately that if by # 0
then g(z) = boz + (smaller terms) # 0 for large z, so ker g is a closed and bounded
subgroup of C. In fact, we prove that ker g is compact, and if infinitely many b;
are nonzero, it is isomorphic to F} as a topological group. Conversely, if G is any
compact subgroup of C', then G is the kernel of such a ¢ if and only if the integral
fGU of the real-valued function v(z) = —log|z| with respect to Haar measure on
G equals +o0o. Also, G essentially determines g. We next develop the theory of
Newton polygons for such series. Finally we prove the analogue of our pairing
theorem above, namely that for any everywhere convergent additive power series
f € C[[#]], there is a natural pairing

ker f x ker f* — IF)

which exhibits the compact group ker f* as the Pontryagin dual of the discrete
group ker f.

Actually we will generalize further by considering [Fy-linear power series for any
power g of p, and more substantially by considering bi-infinite series

f(z) = ot a2V f a2V ¢ agz + a12 + agz? + -

The kernels of these series are locally compact. In fact, many of our results extend
to nonlinear series for which the set of allowable exponents is

E={mp":m,ne€Z,m>0}.

We will develop results in this general context, specializing when appropriate.

Finally we give some applications of our results to the theory of Drinfeld modules.
We construct a pairing for Drinfeld modules which behaves in many ways like
the Weil pairing on abelian varieties. In addition, our results let us describe the
topological module structure of the kernel of the adjoint exponential function of a
Drinfeld module. We conclude with a few unanswered questions.

2. THE RINGS P AND F OF FRACTIONAL POWER SERIES

Let C' be an algebraically closed field containing F, which is complete with
respect to a (non-archimedean) absolute value | |. Let V = {z € C : |z| < 1} be
the valuation ring of C, let m = {z € C : |z| < 1} be its maximal ideal, and let
k = V/m be the residue field.

We will consider “fractional power series” in which the exponents belong to

E={mp":m,n€Z,m > 0}.

Since we have unique p-th roots in C, for any z € C and e = mp" € E we
can interpret z¢ as (z1/P")™. Define P to be the set of series Y ecr Gez® with
coefficients a. in C, which converge at all z € C. Since F is countable, it is clear
what convergence means: for each z € C' and r > 0, there must be only finitely
many terms in the series of absolute value greater than r. And since we are in
the non-archimedean situation, convergence at some z of absolute value r implies
uniform convergence on all of A,.
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Furthermore, we define the set F of “Fy-linear fractional power series” as the set
of bi-infinite series

flz)=---+ a2V +a_12Y 4 apz + a1 29 + azz® + - --
which converge for all z € C. Hence F is a subset of P. For f € F we will also
write
f=-Faor 2 4+a 7 ' Fag+arT+am+ -+,
thinking of 7 as the operator 7(z) = 2% on C, and thinking of a € C acting as the
scalar multiplication by a. Note that for a € C, 7a = a7 and 7~ 'a = a'/977 1, as
maps on C. We also define F* as the set of f € F such that a, = 0 for n < 0
(these are just the convergent [ -linear power series), and F~ as the set of f € F
such that a,, = 0 for n > 0.
There is a simple criterion for the convergence of linear series:

Proposition 1. Suppose a; € C fori € Z. The bi-infinite series
fy=--+ a_22YT +a_12Y7 4 agz + ar29 + azz? + -
converges for all z € C if and only if the following two conditions hold:
(1) limy— oo |an| = 0.
(2) limy, o0 |an|9" = 0.
Proof. By the well-known formula for the radius of convergence of a power series,
the right end of the series converges everywhere when lim,,, |an|1/ 7" = (. The

. n . .

left end converges at z when lim,_,_ |a,2? | = 0. But for z nonzero, this is
. . . . n

equivalent to lim,_,_ |a,| = 0, since lim,_,_ [29 | = 1. O

For f,g € P, we define f + g and f - ¢ in the obvious way, by expanding and
grouping terms with the same exponent.

Proposition 2. (P,+,:) is a commutative ring.

Proof. The only nontrivial part is to check that the sum and product are actually
everywhere convergent. In fact, this is easy as well, since the sum or product of
two convergent series is a doubly infinite convergent series, even before grouping
terms. O

If f,g € F, we can still use the definitions of addition and multiplication above,
but f - g need not be an element of F, so F is not a subring of P. Nevertheless,
we will make F into a ring by using composition in place of multiplication. In fact,
we will define the composition f o g of two general elements f(z) = 3, aqz? and
9(2) = Y .cpbez® of P. First, for integral m > 0, let g™ denote g multiplied by
itself m times. For n € Z, define g?" = Y ecE b2" 2°P" | which is consistent with the
previous sentence. For d = mp™ € E, define g¢ = (g™)” " Finally define

fog=">"aug"
deE
in which we expand and group terms of the same exponent. If f =5, a;7" and
g=>. jez b;j77 are elements of F, then the above definition simplifies to f o g =

n
EnGZCnT where
S aib?
Cp = a; -

i+j=n
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Proposition 3. For f,g € P, f og converges to an element of P, and represents
the composition of the maps f and g.

Proof. Fix r > 0. Since the series g converges uniformly on A,, we may let R =
sup [g(A,)|. Fix z of absolute value r. Then from the definition of g¢ it is clear that
all terms in the expansion of g¢ (for fixed d € E) are bounded in absolute value
by R?, with only finitely many terms of absolute value greater than s, for each
s> 0. Fix t > 0. There are only finitely many d such that |aq|R? > ¢ (since f is
convergent), so there are only finitely many d such that aqg® has terms of absolute
value greater than ¢, and the previous sentence implies that even for such d, there
are at most finitely many such terms. Hence even before grouping terms, the series
for fog converges at z, and this implies that the grouping gives a convergent series
for each coefficient of f o g as well. O

Proposition 4. (F,+,0) is a noncommutative ring containing C. The center of
Fis Fy.

Proof. By the previous proposition and the explicit form of the definition for linear
series, if f,g € F, then fog € F. Hence the first part is clear. The center
of F clearly contains ;. On the other hand, if ¢ € C is transcendental, direct
computation shows that its centralizer in F is C, and the only elements of C' which
commute with 7 are those in F,. O

Proposition 5. Any f € P defines a continuous function f : C — C. The conti-
nuity is uniform on each bounded subset of C'.

Proof. 1t suffices to show f is uniformly continuous on Ag for each R > 0. Given
e > 0, there are only finitely many terms a.z¢ in f for which |a.|R® > €, since
f is everywhere convergent. The sum of these is clearly uniformly convergent on
Apg, and the sum of the rest of the terms is bounded in absolute value by e for all
z € AR, so f is uniformly continuous on Ag as well. |

Proposition 6. If f € P is nonzero as a series, then the function it defines on C
is not identically zero.

Proof. Since f(1) converges, there are only finitely many coefficients of f larger
than a given size, and by scaling by an element of C', we may assume the largest
coefficients have absolute value 1. Then the reduction of f modulo m is a fractional
polynomial over the residue field k, i.e., the p™-th root of a polynomial. Since k is
infinite, this reduction is nonzero at some & € k. If a € C is any lift of a, then
|f ()] =1, so in particular f(a) # 0. |

Proposition 7. If f € P considered as a map on C is Fy-linear, then f € F.

Proof. Write f =3 . acz¢. For each c € C, the function f(cz+2) — f(cz) — f(2)
in P is identically zero, so by Proposition 6 it is zero as a series. Hence for each
e = mp", the coefficient of 2¢ in it is zero. This coefficient is a. [(¢ +1)¢ — ¢ — 1].
If e is not a power of p and a. # 0, then the p™-th power of this coefficient will
be a nonzero polynomial in ¢, and hence will not vanish for some value of ¢. This
contradiction shows that a, = 0 for e not a power of p. A similar argument with
f(ez) — cf(z) for ¢ € Fy shows that a. = 0 for e not a power of ¢; i.e.,, fe F. O
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3. THE TOPOLOGY AND NORM ON P AND F

We give P the “bounded-open topology.” For real r > 0, define

A, = {zeC:lz|<r},

Al = {zeC:|z|<r}
If r;s >0 let

P(r,s) ={fePlf(Ar) CAs}

Take these subsets of P as a subbasis for the neighborhoods of zero. For each
a,B € C and ¢ € Fy, the set of f € P such that f(a+0) = f(«)+ f(5) and the set
of f € P such that f(ca) = cf(«) are closed subsets of P. Hence by Proposition 7,
F is a closed subset of P. We give F the subspace topology, which is also the
bounded-open topology on F.

For f = ZeeE a.2¢ € P, define

11l = sup { lac| : e < 1} U {Jac|/*: e > 1}

The convergence of f implies that this is a finite real number, and that the supre-

mum is attained. If f =3 _, a,7" € F, this becomes

171l = sup { |an| : n <0} U {]an|” " :n >0},

This norm satisfies an ultrametric triangle inequality: ||f + g| < max{||f]],|lgll}
for any f,g € P. In showing that the norm is consistent with the bounded-open
topology on P we will use the following.

Lemma 1. Let f = >
equivalent:
(1) feP(rs).
(2) acz® € P(r,s) for alle € E.
(3) |ae|r® < s foralle € E.

ccp @e2® € P, and let v,s > 0. Then the following are

Proof. Tt is clear that (2) and (3) are equivalent, and that they imply (1). In
showing (1) implies (3), we can assume r is the absolute value of some element of
C, because if not, it is an increasing limit of such r, and the implication follows
if it is known for those r. Then we can reduce to the case r = 1 by composing f
with a scalar multiplication on the right. Now what we must show is that if f is a
nonzero element of P(1, s), a largest coefficient b of f is at most s in absolute value.
The mod m reduction of b~ f is the p"-th root of a nonzero polynomial, so we can
pick z € V which does not reduce to one of its roots, and find that [b=1f(z)| = 1.
Hence |b] = | f(z)] < s, since f € P(1,s). O

Proposition 8. The bounded-open topology on P is the same as that induced by
the norm || ||

Proof. 1t is clear from the definitions that if 0 < s <1 < r,
Ifll <s/r = feP(rs)
On the other hand, by Lemma 1, if 0 < s < 1,
fePls)NnP(1/s,1) = ||f|l <s.
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Theorem 1. (P,+,) is a complete topological ring, and the composition map P x
P — P is continuous. Also, (F,+,0) is a complete topological ring.

Proof. The triangle inequality for || || implies that addition is continuous. To check
that multiplication is continuous, we must show that if f,g € P, and r,s > 0, then
for fo, go sufficiently small,

(f + fo) - (g+g0) — f-g€P(rs)

Since f and g are bounded on Apg, this follows for fo,g0 € P(r,€) for sufficiently
small € > 0.

Now let us show that P is complete. It suffices to show that if fi, fo,... is a
sequence in P tending to zero, then Y .2, f; converges to another element of P.
For each e € E, the coefficients of z¢€ in f; tend to zero by Lemma 1, so they sum to

some a. € C. Interchanging the order of summation shows that Y .-, f; converges

to f def Zee g @e2¢ uniformly on bounded subsets, and that f € P.

For the continuity of composition, we must show that for fy, go sufficiently small,

(1) (f + fo)o(g+g0) — fogeP(rs)
Let R = sup |g(A,)|. If go € P(r, R) and fy € P(R,s), then
(2) foo(g+g0) € P(r,s).

By Proposition 5, f is uniformly continuous on Ag, so if gg € P(r, €) for sufficiently
small €,

3) folg+go) = fogeP(rs).
Adding (2) and (3) yields (1).
By restriction from P to F, the ring operations on F are continuous. As re-

marked earlier, F is a closed subset of P, so the completeness of F follows from
that of P. O

Although the ring operations for both P and F are continuous with respect to
the topology induced by || ||, it is not true that || f - g|| < ||f] - ||g]| for all f,g € P;
nor is it true that || f o g| < ||f]l - |lg]| for all f,g € F. In fact, these can fail even
if f € C. The following proposition shows that this defect of || || is unavoidable.
(This is different from the theory of Banach algebras, in which if one has a norm
for which multiplication is continuous in each variable, one can define a new norm
with the sub-multiplicative property. See Section 3.1 of [12].)

Proposition 9. There is no norm || ||' on P inducing the same topology as above
and satisfying

(1) IF Il = 0 with equality if and only if f = 0.

@) [If Egll" < 1A+ Nlgll"-

(3) 11" =1.

@ Nf-gll" <A1 Mgl
Similarly, there is no norm || ||' on F inducing the same topology and satisfying
(1), (2), (3), and (4) with - replaced by o.

Proof. Suppose there were such a norm on P. As e — 0in C, ez — 0 in P, so
lez]]” < 1 for some nonzero ¢ € C. Then the series 1 + ez + (€2)? + --- should
converge in P to an inverse of 1 — ez. This is impossible since 1 — €z is zero at
z=1/e.
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Similarly, since 1 — er has no inverse (with respect to composition), there cannot
be a sub-multiplicative norm on F. O

4. A CLASS OF LOCALLY COMPACT SUBSPACES OF C

For z € C*, let
v(z) = —log|z] € R
be the (additive) valuation associated with | |. By convention, v(0) = +o0.
If f € F*, then as is well-known, ker f is a discrete sub-Fg-vector space of C,
which is “concentrated near infinity” in the sense that if it is infinite, it is countable

and its elements tend to infinity. If f € F—, it will turn out that G 2 yer fisa
compact sub-IF -vector space of C, this time “concentrated near zero” in the sense
that the integral fG v of the valuation with respect to Haar measure on G is +oc.
The kernel of a general (i.e., possibly infinite in both directions) element of F will
belong to a certain hybrid of these two classes of vector spaces, which we now define.

Definition. Fix a real number r > 0. Let G be the collection of sub-F,-vector
spaces G of C satisfying the following conditions:
(1) GN A, is compact.
(2) fGnAT v = +00. The integral is with respect to (any) Haar measure on GNA,.
(3) GN A, has finite or countable index in G, and in the latter case, if g1, g2, . . .
is a system of coset representatives, then lim,, o |gn| = +00.

Definition. Let G be a sub-F,-vector space of C. Let {\,}nez be a bi-infinite
collection of elements of C', possibly terminating on either side. We say {\, }nez is
a descending basis for G if

(1) The A, are independent over F, and the closure of their span is G.

(2) For each m € Z (for which )\, exists), A\, is a smallest nonzero element of

the F4-vector space spanned by { A, | n < m}.
(3) The sequence terminates on the left, or lim,,—,_ |A,| = co.
(4) The sequence terminates on the right, or .07 v(\,)g™" = +o0.

Proposition 10. Let G be a sub-F,-vector space of C. Then

(1) The definition of G does not depend on the choice of r > 0.

) G has a descending basis if and only if G € G.

) If G € G, then G is locally compact.

) For G discrete, G € G if and only if it is finite or countable, with its elements
tending to infinity in the latter case.

(5) For G compact, G € G if and only if [, v = +oo0.

(6) If G € G, then any closed sub-F,-vector space H of G also belongs to G.

Proof.

Proof of (2): Suppose G has a descending basis {A,}. Then the A, are decreasing
in size by condition (2) in the definition, and G N A, is the closure of the span
of the {\, : n > ng} where )\,, is the first A of absolute value at most r. If
the sequence of A, after A, terminates, then G N A, is finite, hence compact.
Otherwise, these A, form a sequence tending to zero by condition (4), and we get a
topological isomorphism F¢' — GNA,. which sends (ap,a1,as,...) to Z;’io i Ang+i-
(This, together with Theorem 3, proves the remark in the introduction regarding
the topological group structure of the kernel of an element of F~.) Hence G N A,
is compact in any case. Thus condition (1) of the definition of G is verified for G.
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Assume that the Haar measure on G is normalized so that the open subspace
G N A, has measure 1. If GN A, is finite, then meAr v = 400 since 0 has positive
measure. Otherwise, under the isomorphism above, the set of (ag,a1,as,...) € Fy
such that the first nonzero a is a; corresponds to a subset of G N A, of measure
q~*—q~ "1, and the function v takes the value v(\,,4) everywhere on this subset,
since otherwise some nontrivial combination of the A’s of the same size as A, 44
would be closer to zero than A,,4i, violating condition (2) in the definition of
decreasing basis. These sets cover Fy (except for the point 0), so

o0

[ o= el =g,
GNA, =0
This is +oo, since it agrees up to a finite number of terms with
o0
(1=g g™ > v(A)g ™
n=1

(Substitute n = ng + i.) Hence condition (2) of the definition of G holds.

Also, the finite linear combinations of the \,, for n < ng are coset representatives
for GNA, in G, so condition (3) of the definition of G follows from properties (2)
and (3) of a decreasing basis. Hence G € G.

Conversely, suppose G € G. Since G N A,. is compact, only zero can be a limit
point of {|z| : x € GNA,}. Combined with condition (3) of the definition of G, this
implies that the nonzero absolute values of elements of G consist of a decreasing
sequence {ry, }nez, possibly terminating in either direction. For each r,, choose an
IF4-basis for (GNA,, )/(GNA]. ), which is finite, by condition (1) in the definition of
G when r,, <r, and by condition (3) when r,, > r. We claim that the concatenation
of these bases (lifted to C') is a descending basis for G. Properties (1) and (2) of
a descending basis are clearly satisfied. Property (3) follows from condition (3) in
the definition of G, and property (4) is equivalent to condition (2) in the definition
of G, as in the proof of the converse above.

Proof of (1), (3), (4), and (5): Part (1) follows trivially from (2). Part (3) follows
since if G € G, the open subgroup GN A, is compact. For part (4), we may assume
by (1) that r is smaller than the absolute value of the smallest nonzero element of
G, and see what the conditions in the definition of G say in this case. Similarly,
part (5) follows by assuming r is greater than the absolute value of all elements of
G.

Proof of (6): In constructing a descending basis for G as in the proof of (2), we
may assume that the chosen basis for (GN A, )/(GNA] ) contains a basis for its
subspace (H NA,,)/(HNA] ). It is then easy to check that the concatenation of
the latter bases (lifted to C) is a descending basis for H, so that H € G by (2). O

5. MAPS AND FIBERS

Here we state basic results on the maps on C' defined by elements of P or F,
and in particular study their fibers. The proofs will be postponed until the next
section. First we have a fractional version of “Picard’s Theorem,” which in the
non-archimedean situation asserts that nonconstant everywhere convergent power
series are surjective. The openness of the map is a kind of local surjectivity.

Theorem 2. If f € P is not a constant series, then f : C — C is a surjective
open map.
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This theorem has two easy consequences.

Corollary 1. If f,g € P are not constant, then fog is not constant. In particular,
the noncommutative ring F has no zero divisors.

Corollary 2. Distinct series of P yield distinct maps on C'.

Theorem 3. If f =Y pacz® € P is not constant, then for each c € C, f~*(c)
is a locally compact subset of C, and is compact if and only if there is a largest e
for which a. # 0. If f =3 c,a,m™ € F is nonzero, then G def ker f is in G.
Moreover,

G is discrete <= a, =0 forn < 0.

G is compact <= a, =0 forn > 0.

(The last two statements are dual in the sense of Section 8.) We have a converse
for f e F:

Theorem 4. FEach G € G is the kernel of some f € F. The f is essentially unique:
any g € F with the same kernel is of the form et™ o f for some e € C* and n € Z.
(In other words, by Corollary 5 below, g differs from f only by a unit of F.)

Because C is not locally compact, Theorem 3 implies it is not the union of f~*(0)
and g~1(0) for nonzero f, g € P. This proves the following.

Corollary 3. The commutative ring P has no zero divisors.

Recall that for a power series f(z) = Y o, a;2* € C|[z]], the Newton polygon is
the lower convex hull of the set of points (i, v(a;)) in the plane, and that the Newton
polygon gives information on the valuations of the zeros of f. (See [1], [3], [13], [14],

r [16].) Similarly, we define the Newton polygon of f =3 ., ac2® € P to be the
lower convex hull of the set of points (e,v(a.)) in the plane. Let v, denote the

p-adic valuation on Q. For f = 3" 5 a.2° € P, and n > 0, define

(4) fn= Z aez€.
vp(e)=—n

Therefore f,, is the p™-th root of a power series. Since f is convergent everywhere,
we see that the f, converge to f uniformly on bounded subsets (hence also in P)
as n tends to infinity.

Theorem 5. Suppose f € P is not constant, and ¢ € C. Then there is a canonical
measure . on f~1(c), characterized by

w(fH N (a4 A)) = lim 22080l Un =" in (ot A)

n—oo pn ’

foralla € C,r > 0. (Here zeros are to be counted with multiplicity.) The horizontal
length of the segment of the Newton polygon of f — ¢ having slope s (if any) equals

p({z e f7He) [ v(z) = —s}).
Also,
p(f~H(e)) = sup{e|ac #0}.
(Both might be +00.) If f € C|[z]], then p is the “counting measure”; i.e., p({x})

is the multiplicity of x as a zero of f — c. Finally, if f € F is nonzero and ¢ =0,
then u is a Haar measure on the locally compact group ker f.
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Corollary 4. If f € P wvanishes only at 0, then f(z) = az® where a € C* and
ec k.

Proof. By Theorem 5, any series with at least two monomials has a zero of nonzero
valuation. |

Corollary 5. The unit group of F consists of the elements of the form at™ where
a€C* andn €Z.

Proof. Any unit of F must have trivial kernel, and so must be of the form in
Corollary 4, with the exponent a power of g. On the other hand, it is easy to write
down inverses of elements of this form. O

Theorem 6. Let f,g be nonzero elements of F. Then kerg C ker f if and only
if there exists h € F such that f = hog. In this case, the h is unique, and
ker h = g(ker f).

6. PROOFS
Here we provide proofs of the theorems stated in the previous section.

Lemma 2. Suppose f(z) = va(e)z_n acz® € P, and j > 0 is such that aj # 0.
Then there exists © € C such that f(x) =0 and |z| < |f(0)/a;|*/7.

Proof. This follows from looking at the Newton polygon for the (ordinary) power
series f(z)P". O

Let f, be as in (4).

Lemma 3. Suppose f € P is not a constant series. Fixr, R € R, with 0 <r < R,
and fix c € C. Then the images of f~*(c)NAg and f;;1(c)NAR in Ar/A, coincide
forn>0.

Proof. By considering f — ¢, we may assume ¢ = 0. By composing with scalar
multiplications on both sides, we may assume R = 1, and that the largest coefficient
of f other than the constant coefficient is of absolute value 1. Let a.z¢ be the term
of f with largest e for which |a.| = 1. Let €, = sup|(fn+1 — fn)(ARg)|. Since
fn—f, €n—0.

Suppose A, € f,1(0) N Ag. Then

|fn+1()‘n>| = |(fn+1 - fn)()‘n)l < én.
Provided that n + 1 > —uvy(e), the coefficient of z° in f,11(z + A,) has absolute
value 1, by choice of e and since |A,| < 1. Hence by Lemma 2, there exists z, such
that |z,| < /¢ and
frn+1(zn +An) =0.
Let \p+1 = 2zn + A Provided n was chosen large enough, we can repeat the
argument to construct a sequence A\, , A\p41, Apto,... with A; € fi_l(O) and

[Xig1 — Ai| < e <o,
+ i

Since ¢; — 0, the A; converge to a limit Ay, with [Aec — Ap| < 7. Also since f, — f
uniformly on Ag,

fAs) = lim fi(Ai) = 0.
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For the other direction, suppose A € f~1(0) N Ag. By Lemma 2, for n > 0,
there exists z, such that f,(z, +A) =0 and

|zl < fa(W]VC =0

as n — oo. In particular, for sufficiently large n (and how large does not depend
on A), |zn| <7, 80 2z, + A € £,71(0) is in the same coset of A, as . |

From the preceding we can deduce two useful corollaries. First of all, we see that
Lemma 2 extends to arbitrary nonconstant f € P.

Corollary 6. Suppose f(z) = > . cpaez® € P, and j > 0 is such that aj # 0.
Then there exists x € C such that f(x) =0 and |z| < |f(0)/a;|*/7.

Next we have a finiteness result, which will be used to prove that fibers are
locally compact.

Corollary 7. If f € P is nonconstant, 0 < r < R, and c € C, then the image of
f~Ye)NAg in Ar/A, is finite.

Proof. The result with f replaced by f,, is proved by applying the theory of Newton
polygons to the power series f,’l’n — ", Now apply Lemma 3. O

Proof of Theorem 2. Applying Corollary 6 to f — ¢ where f € P is not a constant
series and ¢ € C' shows that there is a solution to f(z) — ¢ =0, so f is surjective.
In checking that f defines an open map, we may reduce to proving f is open at
0, by composing f with a translation. Moreover we may assume f(0) =0. If c€ C
is small, Corollary 6 applied to f — ¢ shows that f(z) — ¢ = 0 has a solution near
0. This is exactly what is needed to prove that f is open at 0. O

Proof of Theorems 3 and 5. First let us show that for any r» > 0, f=1(c) N A, is
compact. Suppose ag,s,... is a sequence in f~1(c) N A,. By Corollary 7, these
elements lie in finitely many cosets of A,./5, so we can find an infinite subsequence
within one coset. Next we can find a subsequence of this subsequence lying within
a single coset of A, /3, and so on, with the n-th subsequence lying within a coset
of A,/,. By diagonalization we obtain a convergent subsequence of the original
sequence. Since f is continuous, f~!(c) is closed (and so is A;), so the limit lies in
f~Ye)NA,. Thus f~1(c) N A, is compact. Taking larger and larger  shows that
f~(c) is locally compact.

Before completing the proof of Theorem 3, let us turn to Theorem 5. First we
check that the limit in the definition of p exists. Without loss of generality we
may assume ¢ = 0. Also we may assume « = 0, by considering f(z + «). Let
£.(f) denote the total horizontal length of the segments of the Newton polygon
of f whose slope is less than logr, which is the largest xz-coordinate of a point of
contact of the Newton polygon with a supporting line of slope logr. The fact that
f is everywhere convergent implies that below any line in R? there are at most
finitely many vertices, so for each r, £.(f,) = £-(f) for n > 0.

The Newton polygon for f2" is the dilation of that of f,, by the factor p™, so
2.( fﬁn) = p"-(fn). The theory of Newton polygons for ordinary power series
implies that £,(f2") counts the number of zeros of f2" (with multiplicity) in A,,
so the limit in the definition of y (for ¢ = a = 0) converges to £.(f).

To check that p is truly a measure, it will suffice to check that the definition is
consistent in the sense that when r < R, its value on f~1(c) N (3 + Ag) equals the



794 BJORN POONEN

sum of its values on f~*(c) N (a+ A,) with a + A, ranging over the cosets of A,
contained in 4+ Ag. By Lemma 3 and Corollary 7, we need concern ourselves with
only finitely many of these cosets. Now the result is clear from the finite additivity
of the right hand side of the definition of p.

By what we have shown so far,

p({z € f7H0) [z < }) = 6:(f).
Taking this and subtracting the same with r replaced by r — e (with s = logr, and
e sufficiently small) shows that

p({ze fHe) |v(z) = —s})
equals the horizontal length of the Newton polygon segment of slope s.

We now check the final statements of Theorem 5. By what we have shown so
far, u(f~1(c)) is the sum of the horizontal lengths of all the segments, and this is
clearly sup{e | a. # 0}. If f € C[[z]], the theory of Newton polygons for power
series tells us that the lengths of the horizontal segments are counting zeros, so
is the counting measure. Finally, if f € F is nonzero and ¢ = 0, it is clear from
the definition that p is translation-invariant on the locally compact group ker f.
Moreover, u(ker f) > 0 by the formula we just derived for the measure of the whole
space. Thus p is a Haar measure on ker f. This completes the proof of Theorem 5.

We now resume the proof of Theorem 3. First, if there is a largest e for which
a. # 0, then the slopes of the Newton polygon of f — ¢ are bounded above for each
¢ € C, and hence by Theorem 5, f~1(c) C A, for some r > 0. Thus f~!(c) =
f~1(c) N A,, which we showed already was compact. On the other hand, if there
is no largest e for which a. # 0, then the Newton polygon of f — ¢ has infinitely
many segments of increasing slope, so there is a sequence of elements in f~*(c) of
decreasing valuation. Such a sequence cannot have a convergent subsequence, so
f~(c) is not compact.

From now on, we assume f = >, a,7" € F, c=0,and G = ker f. By the first
paragraph of this proof, G N A, is compact for any r > 0, proving that G satisfies
condition (1) in the definition of G. Also by Corollary 7, the image of ker f N A,
in A,,-/A, is finite for all n, so condition (3) in the definition of G follows.

Now we check condition (2); i.e., that if » > 0, then meAT” = 4oo. If we
integrate only over the subset

{z€Glv(z)=-s}

we get —s times the Haar measure of this set, which, by what we just proved, is
the same as —s times the horizontal length of the segment of the Newton polygon
of slope s, which is the vertical displacement as one moves along the segment from
right to left. If we sum over all the segments of slopes less than logr, we deduce
that [ ana, v equals the vertical displacement as one moves along the section of the
Newton polygon to the left, starting at some point depending on r. This vertical
displacement is +oo, since v(a,) — +00 as n — —oo.

Thus G € G. Finally, we check the last equivalences in Theorem 3. First, G
is discrete if and only if there are no zeros of large finite positive valuation. By
Theorem 5, this happens if and only if a,, = 0 for n < 0. Lastly, the criterion for
G to be compact follows from our earlier criterion for fibers of general elements of

P. |

For future reference, we record the following well-known result.
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Lemma 4. If the zeros of a separable polynomial f(z) € C[z] form a sub-F,-vector
space of C, then f € C{r}.

Proof. Proposition 1.3 in [4] proves this for ¢ = p, so f is an additive polynomial.
Comparing zeros and linear coefficients shows that f(cz) = cf(z) for all z € Fy,
and this forces f € C{7}. O

Lemma 5. If G € G and f € F has kernel G N A, for some r > 0, then f(G) is
in G and is discrete.

Proof. Since f has compact kernel, its coefficient of 7" is zero for n > 0 by The-
orem 3. Hence in the series for f(z), the last term dominates for large z. Thus
|f(z)] = o0 as |z] — oo. Let g1, g2, ... be representatives for the cosets of G N A,.
These form a sequence tending to infinity, by condition (3) in the definition of G.
Then

F(G) ={f(q1), f(g2),---}

also consists of a sequence tending to infinity, so it is in G and is discrete. O

Proof of Theorem 4, existence.
Case 1: G discrete.
Then by Lemma 4, we may take

fe == 1 -2/

9€G,g#0

Case 2: G compact.

We may assume G is infinite, since otherwise we are in Case 1. Without loss of
generality suppose G C A;. (If for some small ¢ € C we can get ¢G as a kernel of
f, then we can get G as the kernel of f(cz).)

By Proposition 10, there exists a descending basis A1, Ag, ... for G. (It terminates
on the left by condition (3) of the definition of a descending basis.) Let V,, be the
F,-vector space generated by Aq,...,A,. Define

gn(z) =[] =), hn(2) = gn(2)V/9".

AEV,

By Lemma 4, g, € C{7}, so h, € F~, and both have coefficients bounded in
absolute value by 1, since G C A;. We will eventually show that the h,, converge
to the desired f € F~.

We have

In+1(2) = gn(2)? — gn()‘n+1)q_1gn(z)

since both sides are monic F,-linear polynomials of degree ¢"*! which vanish on
Vpt1. Raising to the 1/¢"*! power yields

(5) has1(2) = hn(2) = cahn(2)

where ¢, = hp (A1)~ 19,
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We claim that |¢,| — 0 as n — co. We have

v(hn(Any1)) = 1/¢" Z V(Ang1 — A)

A€V,

> 1" 3 min{o(hu), 0V}
A€V,

> 1" 3 o),
AEV;,, A0

since v(Ap+1) > v(A) for all nonzero A € V,,, by the definition of descending basis.
As n — o0, this tends to fG v = 400. Hence

|en| = exp(=(1 = 1/q)v(hn(Ant1))) — 0.
By (5), we see that
11 (2) = k()N = llenha ()] < ea| — 0

as n — 0o. Hence the h, converge to some f € F.
If z € V,,, then h;(z) = 0 for ¢ > n, so f(z) = 0. Thus ker f contains (J;-, V,
and its closure, which is G. On the other hand, if z € G, and we set

6= inf |z — A,
AEG
then directly from the definitions of ¢, (z) and h,(z) we get
|9n(2)| = 67", hin(2)] = 6,

for all n, so in particular, f(z) = lim,,— o hn(2) # 0. Hence ker f = G, as desired.
Case 3: G € G arbitrary.

By Case 2, we can find g € F with kernel G N A;. By Lemma 5, g(G) is in G and
is discrete, so by Case 1, there exists h € F with kernel g(G). Let f = hog. Then

f(@) =0 < h(g(z)) =0 < g(z) € g(G) = 2 €G,
since ker g C G. O

Before proving Theorem 6 and the uniqueness part of Theorem 4, let us prove
the following “remainder” lemma.

Lemma 6. If f € F, then there exists q € F such that
f=qo(l=7)+f(1).

Proof. Suppose f = 3 ., a,m € F. Without loss of generality, assume f(1) =
> nez @n = 0. Then the rate of growth of the a,, imposed by Proposition 1 implies

that if
n )
by d:Cf Z am = — Z A,

m=—o0 m=n+1

then ¢ def > nez bnT" belongs to F. (Use the first definition of b, to get convergence

on the left, and the second for convergence on the right.) Now

go(l—71)= Z(b" —bp_1)™" = ZanT" =f.

nez nez
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Proofs of Theorem 6 and the uniqueness in Theorem 4. In Theorem 6, it is clear
that if f = hog, then ker g C ker f, so we will concern ourselves with the converse,
that if ker g C ker f, then there exists h € F such that f = hog. Then the unique-
ness of h is clear from Corollary 1, and ker h must be g(ker f) by the surjectivity
of g from Theorem 2.

Step 1: Prove Theorem 6 for g = apo(l—7)oayo(l—=7)oag - (1 —7) 0y,
where ag, a1, ... ,aq € C*.

We use induction on d. The base case d = 0 is trivial. Suppose d > 1. Let
g=aro(l—=7)oaz (1 —7)oaq Then the inductive hypothesis implies that
f=jogforsome j € F. Since f kills ker g, j kills g(ker g) = ker(ayo(1—7)) =F,.
In particular j kills 1, so by Lemma 6, j = go (1 — 7) for some ¢g. If we now let
hzqoao_l7 then f =hog.

Step 2: Every separable g € C{7} of T-degree d is of the form in Step 1.

Again we use induction on d. The base case d = 0 is trivial. If d > 1, there exists
c € kerg, ¢ # 0. Then g kills ker((1 —7)oc™!), so g =ho(1—17)oc™! for some
h € F by Step 1, and the proof of the existence of h in fact shows that h must be
a separable element of C{7}. Applying the inductive hypothesis to h produces the
desired factorization.

Step 3: Theorem 6 holds when g € C{r,771}.

Let 7™ be the lowest (most negative) power occurring in g. Then by Steps 1 and
2, we can write f = h' o (77" o0 g), so we can take h = h/ o 77 ™.

Step 4: If gn,h, € F are nonzero, f = h,, o g, for each n, and the g,, converge to
some nonzero g € F, then the h,, converge to some h € F and f = hog.

Fix z € C. We have h,,(z) = f(g;,'(z)) where g, () denotes any y,, € C such that
9n(yn) = x. (By Theorem 2, such y,, exist.) We will construct a sequence of such
Y, which converges. Fix a nonzero term a;77 in g. Choose some large R > 0, then
choose some large ng > 0. (We'll specify how large as we go along; how large we
need ng to be depends on how large R was taken to be.) If n > ng, the coefficient
of 77 in g, has the same absolute value as aj, provided ng was chosen large enough.
Then by Corollary 6, there exists a solution yn, € Ag t0 gny(Yn,) = =, if R
was chosen large enough. Now inductively define €, and y,+1 € Ag for n > ng as
follows. Pick €, such that g,+1(€n) = (gn—Gn+1)(yn), and set yp+1 = yn+e€,. Since
the g, converge uniformly on Ag, and since y,, € Ag by the inductive hypothesis,
(9n — gn+1)(yn) can be assumed to be arbitrarily small, if ny was chosen large
enough. Then by Corollary 6, ¢, € AR, yn+1 € AR, and

gn+1(yn+1> = gn+1(yn)+gn+1(en)

gn-i-l(yn) + gn(yn) — 9n+1 (yrz)
= xZ.

Moreover Corollary 6 guarantees that the ¢, can be chosen going to zero, so the y,
converge as desired.

Since f is continuous, we see that the sequence h,(z) converges. In fact, as is
clear from the construction of the y,, the rate of convergence depends not on z,
but only on an upper bound for |z|, so the h,, converge uniformly on every bounded
subset of C'. By Theorem 1, the h,, converge to some h € F. Taking the limit of
f=hpog,asn —ocoyields f=hog.

Step 5: Uniqueness holds in Theorem 4 when G € G is compact or discrete.
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Suppose G € G is compact. By the proof of the existence part of Theorem 4,
there is a sequence of elements j,, € C{7, 71} with ker j,, C G, which converges to
an element j € F with kernel G. Let f be any other element of F with kernel G.
By Step 3, we may write f = h,, o j,, and then by Step 4, we may write f = ho j.
But j is surjective by Theorem 2, so ker h = j(ker f) = 0 and hence h is a unit by
Corollaries 4 and 5.

If G € G is discrete, we can find a sequence j, € C{r} with ker j, C G, which
converges to an element j € F with kernel G, so the same proof works.

Step 6: Theorem 6 holds when ker g is compact or discrete.

Indeed, by Step 5, g must be a limit of elements g, = ho j, € C{r,771} with
ker g, = ker j,, C ker g, and we can then apply Step 4.

Step 7: Theorem 6 holds.

By the existence part of Theorem 4, we can find g; € F with compact kernel
GNA;. By Step 6, we can write g = j o g1, and ker j = g; (ker g), which is discrete
by Lemma 5. By Step 6 again, we can write f = hy o g1, and

ker j = g1(ker g) C g1(ker f) = ker hy.
By Step 6 yet a third time, we can write hy = h o j. Then
f=hiogi=hojogi=hog.
Step 8: Uniqueness holds in Theorem 4.

Indeed, suppose f and g are nonzero elements of F with the same kernel. By
Step 7, each of f and g is a left multiple of the other, so they differ by a unit. O

7. PONTRYAGIN DUALITY FOR A-MODULES

Here we recall and develop some results on locally compact topological modules
to be used later in the paper. Throughout, topological groups, rings, and modules
are assumed Hausdorff, and each Hom consists of continuous homomorphisms and
is given the compact-open topology. If G is a locally compact abelian topological
group (LCA group), its Pontryagin dual is G def Homy(M,R/Z), which is again
an LCA group. The elements of G are called characters of G. The main theorem

of Pontryagin duality is that the natural map G — G is an isomorphism. For an
account of Pontryagin duality for groups, see [2].

The following technical result on LCA groups is due to Kaplansky (unpublished)
and first appears in a paper of Glicksberg [9]. See Chapter 10 of [2] for a proof and
discussion.

Proposition 11. Let G be a group which becomes an LCA group under a topology
t. Let t' be a strictly stronger locally compact group topology on G. Then there is a
t'-continuous character v of G which is not t-continuous.

Corollary 8. If f : G — H is a surjective continuous homomorphism of LCA
groups whose dual f : H — G is also surjective, then f is a topological isomorphism.

Proof. Since f is surjective, f is injective by P.23(b) in [2]. Thus f is an isomor-
phism, except that G may have a stronger topology than H. If it were strictly
stronger, then by the proposition above, there would be a character of G not com-
ing from a character of H, contradicting the surjectivity of f . Therefore f is a
topological isomorphism. O
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Corollary 9. Suppose G and H are LCA groups, and there is a continuous bilinear
pairing

Gx H—-R/Z
such that the induced maps

flzG—>£[, fo: H—G
are surjective. Then f1 and fo are topological isomorphisms.

Proof. By a well-known property of the compact-open topology, the induced maps
are continuous. By Pontryagin duality (and chasing definitions), f3 is the dual of
f1, so f1 is a topological isomorphism by the previous corollary. The symmetric
argument works for fs. O

We will make use of the theory of Pontryagin duality for topological modules
developed by Flood [7]. Let A be a locally compact commutative topological ring.
Consider the class A of locally compact topological A-modules. If M € A, then the
Pontryagin dual M def Homgz(M,R/Z) of M as a topological group has a natural
A-module structure, so M € A. Let us restate the main theorem of [7] for this
situation:

Theorem 7 (Pontryagin duality for A-modules). For each M € A, the topological
A-modules M and Hom 4 (M, A) are canonically isomorphic, and the canonical map

M — Homu(Homy (M, A), A)
m = (f— f(m))
is an isomorphism of topological A-modules.
It M,N € A, we say N is the Pontryagin dual of M as an A-module, if it is
isomorphic to Hom 4 (M, A) as a topological A-module. The following corollary is

an A-module version of Corollary 9. The next corollary is useful in verifying that
two elements of A are Pontryagin duals (as A-modules).

Corollary 10. Suppose M,N € A and there is a continuous A-module pairing
M x N — A such that the induced maps

fi: M — Homu (N, A), fa: N — Hom (M, A)
are surjective. Then f1 and fo are topological A-module isomorphisms.

Proof. If we compose the pairing with the evaluation-at-1 map A— R/Z, we get a
pairing
M x N —R/Z

and the induced map M — N is the same as f; once we identify N with Hom 4 (N, A)
as in Theorem 7. Similarly f; is the same as the induced map N — M. In par-
ticular, these induced maps are surjective, so by Corollary 9, they are topological
isomorphisms. But we know that f; and f> are A-module homomorphisms as well,
so the result follows. O

Lemma 7. Suppose M, N are locally compact topological F;-vector spaces. If there
s a continuous Fy-linear pairing

(, ):MxN-—TF,
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such that the induced maps
M — Homy,(N,F,;), N — Homg, (M,F,)

are surjective, then N is the Pontryagin dual of M as an Fg-vector space.

If furthermore A is a locally compact Fy-algebra and M and N are topological
A-modules such that (am,n) = (m,an) for alla € A, m € M and n € N, then
Homp, (A, F,) = A as topological A-modules and the map

[, ]:MxN — Homy, (AF,)=A
m,n — (a— {(am,n))

is a continuous A-module pairing which exhibits N as the Pontryagin dual of M as
an A-module.

Proof. By counting elements, Fq is a one-dimensional F,-vector space, and we can
explicitly identify F, with Fq by mapping 1 to the character x = (1/p) - Trg, sk, of
;. Thus the first half of the proposition is just the special case of Corollary 10 for
the discrete ring F,.

There is an isomorphism Homr, (A4,F,) = A of topological Fg-vector spaces by
Theorem 7 (with M = A, A = F,), and it is easily checked that it preserves the
A-module structure.

Asin Corollary 10, the pairing ( , ) induces a pairing M x N — R/Z which iden-
tifies N with M. The condition (am,n) = (m,an) ensures that this isomorphism
is an isomorphism of A-modules. Finally, if we identify N 2 M with Hom (M, A)
using Theorem 7, we get a pairing

MxN — A

exhibiting IV as the Pontryagin dual of M as an A-module, and definition chasing
shows that this pairing is [ , ]. |

Now let X be a nonsingular projective curve over F,, let oo be a closed point,
and let Y = X \ co. Let A be the Dedekind ring of regular functions on the affine
curve Y, and give A the discrete topology. Let K be its fraction field, and let K,
be the completion of K at co. The Kéahler differentials of A over F, (see [15]), i.e.,
the differentials on X which are regular away from oo, form a rank one projective
A-module 2 4 inside the one-dimensional K-vector space Qx of Kéahler differentials
of K over F;. Therefore there is an ideal J of A isomorphic to 2 as an A-module.
Let Q4 be the completion of Qg at co. This is a one-dimensional vector space over
K. By Theorem 3 of Chapter II in [19], any nontrivial character of the locally
compact field K, can be used to identify K., with its dual, and it follows that the
map

(6) Koo x Qo — T,
a, w — Resy(aw)

exhibits K, and {1, as Pontryagin duals of each other, as topological [F -vector
spaces.

Theorem 8. Let I be a fractional ideal of A (with the discrete topology). Then the
pairing (6) puts I and Qoo /(I71Q4) in Pontryagin duality as A-modules, so the
Pontryagin dual of I as an A-module is Ko /(I71J).
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Proof. For w € Q, we claim that w € Q4 if and only if Resy(aw) = 0 for all
a € A. For n >0, let

L(no) = {a€ K |div(a) > —noo},

Donoo = {N €N |div(n) > noo}.
(By the divisor of an element of Q. we mean only the part at co, which is the only
part that makes sense.) By the Theorem at the bottom of page 160 in [5], with
h =0, a = noo, and dw the principal part system which equals an element of Qx
differing from w by an element of {25, at co, and equalling zero at other places,

we have that Ress(aw) = 0 for all a € L(noo) if and only if w € Q4 + Q>p00. But
A=, L(noo), so Reso(aw) = 0 for all a € A if and only if

w e ﬂ (QA + QZnoo) = QA)
n>0
since {24 is a discrete subgroup of (0o, and the 0>, form a decreasing neighbor-
hood base of 0.

Hence Resq(aw) = 0 for all a € I if and only if w € I71Q4. By P.22(d) in [2],
the fact that the pairing (6) puts Ko and Qs in Pontryagin duality implies that
I 2= Homp, (I,Fy) = Qo /(I7'Q4) =2 Koo /(I71T),
and it is trivial to check that all our isomorphisms respect the A-module structures.

O

Let Ay, K4 denote the completions of A, K, respectively, at a nonzero prime g
of A.

Theorem 9. The Aq-module Homg, (Kq/Aq,Fy) is free of rank one.

Proof. Let t € K be a uniformizing parameter at q. Then Ay = Fy[[t], where Fy is
the residue field at q. Now for the residue pairing
Fq((t) x Fo((8))dt — T,
a , w —  Resq(aw)
which exhibits the locally compact field K, as its own Pontryagin dual, the set of
w which give zero when paired with any a € Fy[[t]] is exactly Fq[[t]]dt, by definition
of the residue, so by P.22(d) in [2], the Pontryagin dual of Aq = Fq[[t]] is Kq/Aq =
Fq((£))/Fq[[t]]- O

8. ADJOINTS AND PONTRYAGIN DUALITY
The adjoint map on F is the map f — f* defined by the following proposition.

Proposition 12. There is a norm-preserving multiplication-reversing involution
F - F

f= E an™ = ff= E an/
nez nez

Proof. The map is well-defined by Proposition 1, and it is immediate from the
definition that ||f*|| = ||f||. One can check f** = f and (f o g)* = g* o f* directly
by comparing coeflicients, or perhaps more enlighteningly by noting that

=Y r"an

nez
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is obtained from f by interchanging 7 and 7—! and reversing the order of mul-
tiplication everywhere, and that this preserves the pair of commutation relations
Toa=alorandao7 t =71"1oaqad O

We now construct an Fg-linear pairing between ker f and ker f*, for nonzero
f € F. Suppose « € ker f and 8 € ker f*. Then f o « vanishes on 1 (recall that
f o a denotes the composition of f with the map = — «ax), so by Lemma 6,

(7) fea=gao(l—1)
for some g, € F, which is uniquely defined, by Corollary 1. Define
(@, B)r = ga(B)-

Proposition 13. If f € F is nonzero, then

(, )f:kerfxkerf*—T,
s an Fq-vector space pairing.
Proof. First let us check that the image lands in F,. Take adjoints of (7):
®) ao f=(1-7Yog.
Apply both sides to 5:

0=(1-7"")g:(8).

So

g2(8) € ker(1— 771) = F,.

From the definition (7), goa+3 = ga+93, S0 the pairing is linear on the left. Linearity
on the right is obvious. O

We now prove a series of results leading up to Theorem 10 below.
Lemma 8. If f € F, then there exists ¢ € F such that
f=Q0=7)oq+ (1)
Proof. Apply Lemma 6 to f* to get h such that
ff=ho(l—71)+ f*(1).
Then taking adjoints yields
f = Q-7YHoh"+f*(1)
= (I=7)o(=77)oh"+ f*(1),
so we may take ¢ = —7 ! o h*. O
Lemma 9. If fge F and fo(l1—7)=(1—17)o0g, then f*(1) = g(1).
Proof. Use Lemmas 6 and 8 to write
fro= A=7)oq+ (1),
g = ho(l-7)+g(1).
Substitute these into the given relation:

(9)
(1=7)ogo(l-7)+ f(No(l-7)=(0—-7)oho(l—-7)+ (1 —7)0cg(1).
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Evaluating the given relation at 1 shows g(1) € ker(1 —7) = Fy, so ¢g(1) commutes
with 1 — 7 and we can cancel 1 — 7 on the right in (9) to obtain

(1=7)og+ f*(1) =1 —=7)ch+g(1).
Taking adjoints and evaluating at 1 gives the desired result. O

Proposition 14. If f € F is nonzero, a € ker f, and 8 € ker f*, then (o, ) =
—(B,a)s-.
Proof. Write

foa=gio(l-7)

ffoB=hgo(l—r1).

Multiply the first by 8 on the left, and take the adjoint of the second and multiply
by a on the right:

Bofoa = Bogeo(l—),
Bofoa = (1—7Y)ohjo0a
= (1—7)0(—7_1)0hgoa.
Equate and apply Lemma 9 to get

(Boga)' (1) = (=771 ohzoa)(l),
95(8) = -7 (hj(a)),
(. B) = -7 ({B,a)-)
= —(Ba),
since (3, ) p- € Fy. O

Theorem 10. If f € F is nonzero, then the pairing
(, )y :kerf xker f*—TF,
exhibits ker f as the Pontryagin dual of ker f* as a topological IF-vector space.

Proof. First we check that the pairing is continuous. Because of Proposition 14,
it will suffice to show that given any bounded subset B of ker f*, there exists a
neighborhood U of 0 in ker f such that (a,8)y = 0 for a € U, 8 € B. Given
« € ker f, write
foa=gao(l—7)
as in the definition of the pairing. As « tends to zero, each coefficient of f o «
tends to zero, and so does each coefficient of g, by the construction in the proof
of Lemma 6. Then the same is true for the coeflicients of g%. Combined with
the knowledge that g% is everywhere convergent for any «, this implies that ¢ (3)
tends to zero uniformly for 8 € B as a tends to zero, as desired. Thus the pairing
is continuous.
The map induced by the pairing is

V:ker f — Homp, (ker f*,F,)
a = ghlker £+

This is well-defined and continuous, since the pairing is.
We now show W is surjective. If ¢ € Homp, (ker f*,FF,) is nonzero, then H = ker ¢
is some open and closed subspace in G = ker f*, so H € G by (6) in Proposition 10.
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Thus by Theorem 4, there exists h € F such that kerh = H. Since H has codimen-
sion 1 in G (as an F,-vector space), h must map G to a one-dimensional Fy-vector
space inside C. By scaling h, we may assume h(G) =F,. Now (1 —7)oh has kernel
G, so by the uniqueness in Theorem 4,

T"ao ff=(1-71)oh
for some o € C* and n € Z. Take adjoints and multiply on the right by 7™:
foa = h*o(l—7"Yor"
= ho(=m""YHo(l-17).
Evaluating at 1 shows that a € ker f. Comparing with (7) shows

ga = R o(=7"71),
g, = -t'7"oh,
95(G) = —77(WG))
= Tl_n(Fq>
= T,

Thus ¢ and ¥(a) = g}:|ker s+ are nonzero F,-homomorphisms from G to F, with the
same kernel H, so ¢ = c¢¥(«) = ¥(ca) for some ¢ € F,*. Therefore ¥ is surjective.

Applying the above argument to f* and invoking Proposition 14 shows that the
other induced map

ker f* — Homg, (ker f, ;)

is surjective as well. Now apply Lemma 7. O

Remarks. If f =>""  a,7" is a finite series with a; in any field L of characteristic
p, then the construction yields a perfect pairing between the kernels of f and f*
acting on L. Here, in addition, the pairing will be Gal(L**P/L)-equivariant, since
its construction is canonical. The same will hold for infinite series, when L has a
non-archimedean valuation and L*°P is replaced by topological Galois closure.

Next we prove a compatibility result.

Proposition 15. Let f and h be nonzero elements of F. Then for all a € ker(foh)
and (B € ker f* C ker(f o h)*,

(, B) fon = (M), B) 5
Similarly, for all o € ker f Cker(ho f) and 8 € ker(ho f)*,
(@, Bnoy = (o, K™ (B)) -
Proof. For the first part, write
(foh)oa = Guo(l—1),
foh(a) = gn@yo(l—1).
Subtract to get
fo(hoa—h(a)) = (Ga = gh)) o (1 —1).
Since h o o — h(a) kills 1,
hoa—h(a)=qo(1—7)



FRACTIONAL POWER SERIES 805

for some g € F, by Lemma 6. Substitute and cancel 1 — 7 on the right:
foq=Ga— gh)-
Take adjoints and apply both sides to 8 € ker f* to get
0 = GL(B) = gh(B)
= (@, B)fon — (h(e), B)y

as desired.
For the second part, we have
(o, BYhor = —{(B,0)f+on+ (by Proposition 14)
= —(h"(f), )~ (by what we just showed)
= ({a,h"(B))s,
by Proposition 14 again. O

Proposition 16. Suppose h,g € F and f =hog. Then
{Bekerf*:(a,B)f =0 Vackerg} =kerh".
Proof. Suppose 8 € ker f*. Then, by Proposition 15,
(a,B)f =0 Yaekerg <= (a,h"(8))g =0 Ya €keryg
< h*(B) =0 (by Theorem 10).
|

Below are three more properties of the pairing. These were discovered by Elkies [6]
(for the case of additive polynomials), although some of our proofs are new. We

will not need these in the sequel, but they are of interest in their own right. First
we explain how the pairing changes if we change the underlying finite field.

Proposition 17. Let ¢ = ¢™, for some m > 1. If f € F is actually Fy -linear,
then we can define another pairing ( , )’ between ker f and ker f*, this time taking

values in Fy. (Note that f* is the same whether f is considered as Fq-linear or
Fy-linear.) Then (o, B); = Trr , /v (e, ).

Proof. Write
foa = Guo(l—-77)
= Guo(l+7+---4+7"Ho(l-1).
By definition of the pairing,
(@ B)y = (Gao(L+T+ - +7"71))"(B)
= (4747 )(GLB)
A+77 4+ D) (o, B)))
= Tr]Fq//]Fq <a76>/fa

since Gal(Fq//Fq) = {177'_1, .. 77.—(m—1)}. 0

Theorem 11. Suppose f € F is nonzero and f = f*. Then
(1) {a,a)y =0 for all o € ker f.
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(2) If h € F and f = h*oh, then ker h is a mazimal isotropic closed sub-Fg-vector
space of ker f under (, )s.

(3) Conversely, if H is a mazimal isotropic closed sub-Fq-vector space of ker f
under (, )y, then there exists h € F such that f = h* oh and kerh = H.

Proof. If p # 2, then part (1) follows already from Proposition 14. Hence assume
p=2. Write foa = g4 0 (1 —7) as usual. Multiply by a on the left, and apply
Lemma 8 to write

aofoa = [(L-7)og+(xoga) (1)]o(l—-7)
= (1-7Hojo(l—7)+gi(a)o(l—7) (wherej=r7o0q).
Subtract this from its adjoint and use f = f* and g} (a) € F; to get
0=(1-7""o (" =j)o(l—7)+gala)o(r—771).
1

Since 7 — 77! = (1 — 771) o (1 — 7) in characteristic 2, we can cancel 1 — 77! on
the left and 1 — 7 on the right to obtain

0= (" —J)+ gala).
Take coefficients of 70 to deduce
(a, ) = g5(a) =0.

This proves part (1).
Now, for part (2), h is continuous, so ker h is closed. Proposition 16 says that

{Bekerf*:(a,B)f =0 Va € kerh} =kerh,

which proves part (2).

Finally let us prove (3). Assume H is a maximal isotropic closed sub-F,-vector
space of ker f under (, ). Then H € G by (6) in Proposition 10. By Theorem 4
we can find g € F with kernel H, and by Theorem 6, we have f = j o g for some
j € F. By Proposition 16,

kerj* ={f eker f*: (o, 0)f =0 YVa€e H}=H,

since H is maximal isotropic. By the uniqueness in Theorem 4, we have j* = eot"og
where € € C* and n € Z. Then

f=jeg=gor "oeoy.
Taking adjoints and using f = f* shows that
f=g"oeoroy.
If we equate and cancel g* on the left and g on the right, we obtain
T "oe=€oT",

which forces n = 0. Now simply take h = /€ o g where /€ is any square root of €
in C. O

Theorem 12. If f € F and f* = —f, then (o, B)y = (B, )5 for all o, 5 € ker f.
Proof. By definition of the pairing, (, )—_y = —(, ), so
(a,8)f = —(B,a)s+ (by Proposition 14)
= —(B,a)-¢
= (B,2)s.
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Remarks. (I thank Noam Elkies for these.) The theory of additive polynomials
shares much with the theory of differential operators, as pointed out by Ore [17].
In fact the pairing (, ); can be obtained as an analogue of a known pairing on
kernels of differential operators. If f is a differential operator and f* denotes its
formal adjoint, then we have an identity uf*(v) — vf(u) = B’ where B is a bilinear
form in {u,u/,u”,... ,u™ D} and {v,v",v",... ;v D}. (See p. 124 in [11], where
B is called a “bilinear concomitant.”) If u € ker f and v € ker f*, then B(u,v) is a
constant depending bilinearly on u and v.

Similarly, if f € F, then one can write uf*(v) — vf(u) = B? — B where B is a
(potentially infinite) linear combination of terms of the form u?" v?" (m,n € Z).
One can check that B converges to a continuous bilinear function on C' x C' by
writing B explicitly in terms of the coefficients of f, and using Proposition 1.
Clearly B(w, 3) € Fy if o € ker f and 3 € ker f*.

Proposition 18. If a € ker f and 3 € ker f*, then B(a, 8) = (o, 8) 5.

Proof. Let by (v) = B(a,v). If we set u = « in the defining equation for B, we have
as functions of v,

aof* = (1—=1)obg,,
foa = bio(r7'—1)

= blorto(l—-1).
Comparing with equation (7) shows that g, = b o771, so

{@.0); = 9a(B)
= (10ba)(B)
= 7(B(a,0))
= B(a,0),
since B(a, 3) € Fy,. O

This alternative definition of the pairing could clearly be used to give new proofs
of the properties of the pairing. For instance, Proposition 14 would be immediate,
as would the first part of Theorem 11.

9. A-MODULE PAIRINGS FOR DRINFELD MODULES

Let us retain the assumption that A is the affine ring of a nonsingular projec-
tive curve over [F, minus a closed point co, and suppose we have an IF -algebra
homomorphism ¢ : A — C. The kernel p of ¢ will be called the characteristic.

Let a — ¢, and a — 1, be ring homomorphisms from A to F. For example, ¢
and 1 might be Drinfeld A-modules over C. We say that a nonzero f € F is an
isogeny from ¢ to ¢ if Ygo f = fog, foralla € A. If f: ¢ — 1) is an isogeny, then
ker f is an A-module via ¢ and ker f* is an A-module via ¥*.

Proposition 19. Let a — ¢4 and a — 1, be ring homomorphisms from A to F.
Suppose f € F is an isogeny from ¢ top. Then for alla € A, o € ker f, B € ker f*,
we have

(ba(a), B) 5 = (@, 95 (9))
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and
[, ]y:ker f xker f* — Hompg, (A,F,)
a, = (a— (¢a(@), )

is a pairing of A-modules which exhibits ker f* as the Pontryagin dual of ker f as
an A-module.

Furthermore, if ¥ : A — F is a third ring homomorphism, and h : ¥ — ¢
is another isogeny, then we have the following two compatibility relations: if a €
ker(f oh), € ker f* Cker(f oh)*, then

[, Blon = [A(), B
Similarly, for all a € kerh C ker(f o h), 8 € ker(f o h)*,
[, B] fon = [, f*(B)]n-
Proof. Given a € A, a € ker f, 3 € ker f*, we have
(bala),B)f = (a,B)fop, (by Proposition 15)
<Oé, /8>'¢'a of
= ({a,¥;(0))¢ (by Proposition 15 again).
Apply Lemma 7 to get the duality property of [ , ]s. The compatibility relations
follow from those for { , ) proved in Proposition 15. |

Corollary 11. Let ¢ be a Drinfeld A-module over a field L. Fiz a nonzero a € A.
Let ¢[a] be the kernel of ¢, on L, and similarly define ¢*[a] = ker ¢%. There is a
Galois-equivariant perfect pairing of finite A-modules

[, Ja:@la] x ¢*[a] — (A/a) C A.

(Here Gal(L*? /L) acts trivially on A and m} If we also have a nonzero b € A,
then for any « € ¢[ab], B € ¥*[a]

[, Blab = [Pv(), Bla-
[

Similarly, for a € ¢[a], B € ¥*[ab],
o, Blab = [, Y5 (B)]a-
The properties above of [ , ], should remind one of the Weil pairing for abelian

varieties. Another proof of the Galois-equivariant duality between ¢[a] and ¢*[a]
was discovered independently by Taguchi. (See the appendix of [10].)

As another application of our pairings, we can describe the kernel of the adjoint
of the exponential function associated with a Drinfeld module.

Corollary 12. Let C be the completion of the algebraic closure of Koo with | |oo,
and let ¢ be a Drinfeld A-module over C. Let e(z) € C[[z]] be the associated
exponential function. Then there is a natural pairing

kere x kere* — A

which exhibits ker e* as the Pontryagin dual of kere as an A-module. If the lattice
ker e is isomorphic to the direct sum of fractional ideals I @ - - - @ I, then kere* is
isomorphic to Koo /(I7 ') @ -+ @ Koo /(I71J) as a topological A-module. (Here J
is as in Theorem 8.)
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Proof. Simply note that e is an isogeny from C' with the standard A-module struc-
ture to ¢, and apply Proposition 19. The last assertion follows from Theorem 8. [

Proposition 20. Let ¢ and e be as in the previous corollary. Then kere* is the

closure of | J,c4 ¢*[al.
Proof. Taking adjoints of
eoa=¢@z0e
yields
aoe* =e" o,
from which it is clear that ¢*[a] C kere*.

Corollary 12 says that kere* as a topological A-module via ¢* is isomorphic
to Koo/C1 @ -+ & Koo/C,, for some fractional A-ideals C1,...,C,. The torsion
submodule in this module is K/C; @ --- ® K/C,, which is dense, so the result
follows. U

10. TATE MODULE PAIRINGS

Because of the compatibility relations, we can use our pairings to construct a
pairing between Tate modules, just as the Weil pairing gives rise to a pairing be-
tween Tate modules. Let q be a nonzero prime of A different from the characteristic
p of the Drinfeld module. Let K be the fraction field of A, and let A4, K4 be the
completions at the prime q. The Tate module of a Drinfeld A-module over L is

Ty(¢) = Homa (Ky/Aq, ¢(L))

where ¢(L) denotes the additive group of L with the A-module structure given by
¢. Similarly we define the Tate module of ¢* as

T4(¢") = Homa (K q/Aq, ¢*(L)).
These are both free A;-modules of rank equal to the rank of the Drinfeld module.

Proposition 21. There is a Galois-equivariant continuous perfect pairing of Aq-
modules

[, ]q:T4(¢) x Ty(¢*) — Homp, (Ky/Aq,Fq) = A,.
Proof. Given a € Ty(¢), B € Ty(¢*), define [a, 3|4 € Homp, (Kq/Aq,Fy) by

[, 84 (b) = [a(b), Bla™)]a

where a € A kills b and generates an ideal power of q. As is well known, A is a
Dedekind domain with finite class number, so some power q” of q is principal, so it
is always possible to find such an a, given b. The definition is independent of the
choice of a, by the last compatibility relation in Corollary 11.

If we fix a € A generating a power of q, we can also obtain the pairing as the
inverse limit of the pairings

[, Jan : @la"] x ¢*[a"] — Homp, (A/a",F,) = Homp, (a " A/A,F,),
with respect to the maps
¢la"] = la"]
¢*la"] S ¢*la"]

Homg, (a~"VA/AF,) = Homg, (e "A/A,TF,).
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The Galois-equivariance, continuity, and perfectness of the pairing then follow from
the properties of the pairings [ , Jgn.

Finally, Homp, (Ky/Aq,F,) is (noncanonically) isomorphic to Ay as an Ag-
module, by Theorem 9. O

As pointed out by Goss, this duality of Tate modules has the following corollary.
Corollary 13. Suppose the Drinfeld module ¢ is defined over a finite extension L
of K. Then

T4(9") ®a, Kq
is a semi-simple Kq[Gal(L*°?/L)]-module.

Proof. Combine the previous theorem with the main theorem in [18]. O

11. QUESTIONS

Our results show that in two cohomological realizations (the period lattice and
Tate module), the cohomology of the adjoint of a Drinfeld module is dual to the
cohomology of the original Drinfeld module. There is a third cohomological real-
ization of a Drinfeld module, namely the de Rham cohomology [8] developed by
Anderson, Deligne, Gekeler, and Yu.

Question 1. Is it possible to give a reasonable definition for the de Rham coho-
mology of the adjoint of a Drinfeld module and prove that it is dual in some sense
to the de Rham cohomology of the original Drinfeld module?

It would also be nice to generalize the applications of this paper to include t-
modules, the higher dimensional analogues of Drinfeld modules.

Question 2. Can one prove results similar to those in this paper for fractional
power series in more than one variable?

A reasonable approach is to work with the ring My(F) of d-by-d matrices with
coefficients in F. Elements of this ring act on C¢ in an obvious way. Moreover,
there is a multiplication-reversing adjoint map My(F) — My(F), which maps a
matrix A = (a;;) to A* = (a};), i.e., the transpose of the matrix obtained by taking
the adjoint of each entry. Hence, for example, it is possible to define the adjoint of
a t-module

¢:Fylt] — Ma(C{r}) C Ma(F)
a — ¢a
as
¢* Fylt] — My(F)
a — ¢
For each A = (ai;) € My(F) it is also possible to define a natural bilinear pairing
(,)a:kerAxkerA* —TF,

by following the differential operator analogy. Let - denote the standard inner
product on C% As in the remarks at the end of Section 8, for each f € F, let
By (u,v) be the bilinear function of u,v € C such that

uf*(v) —vf(u) = B} — By.
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Then, for u,v € C?, the bilinear function

BA(ua U) = ZBaij (uivvj)
%,J

satisfies
u-A*(v) —v- A(u) = B — Bu,
and we may define
(u,v)a = Ba(u,v).

Thus for instance, one has a pairing between the a-torsion of a t-module and the
a-torsion of its adjoint.

ACKNOWLEDGEMENTS

Many thanks go to David Goss, who introduced me to adjoints of polynomials
and Drinfeld modules, and asked some of the questions answered by this paper. I
thank T. Y. Lam, Hendrik Lenstra, and Ken Ribet for helping me find references
for Newton polygons. Thanks also to Noam Elkies for sharing his preprint with
me, and to Michael Rosen for suggesting references of use in proving Theorem 8.
Finally, I thank the referee for many intelligent and helpful suggestions.

REFERENCES

[1] Y. Amice: Les nombres p-adiques, Presses Universitaires de France, 1975. MR 56:5510
[2] D. Armacost: The Structure of Locally Compact Abelian Groups, Marcel Dekker, 1981. MR
83h:22010
[3] E. Artin: Algebraic Numbers and Algebraic Functions I, Lecture Notes Princeton Univ./New
York Univ., 1950/51. MR 13:628d
[4] P. Deligne and D. Husemoller: Survey of Drinfeld Modules, Contemp. Math. 67 (1987),
25-91. MR 89f:11081
[5] M. Eichler: Introduction to the Theory of Algebraic Numbers and Functions, Academic Press,
1966. MR 35:160
[6] N. Elkies: Linearized algebra and finite groups of Lie type, preprint, 1994.
[7] J. Flood: Pontryagin Duality for Topological Modules, Proc. Amer. Math. Soc. 75 (1979),
329-333. MR 80d:22008
[8] E.-U. Gekeler: De Rham Cohomology for Drinfeld Modules, Séminaire de Théorie des Nom-
bres, Paris 1988-89, 57-85. MR 91k:11004
[9] I. Glicksberg: Uniform boundedness for groups, Can. J. Math. 14 (1962), 269-277. MR
27:5856
[10] D. Goss: The adjoint of the Carlitz module and Fermat’s Last Theorem, preprint, 1994.
[11] E. Ince: Ordinary Differential Equations, Dover, 1956. MR 6:65f
[12] R. V. Kadison and J. R. Ringrose: Fundamentals of the theory of operator algebras, Vol. 1,
Academic Press, 1983. MR 85j:46099
[13] Kneser, M.: Algebraische Zahlentheorie, Vorlesungsausarbeitung Georg-August-Universitat
Gottingen, 1966.
[14] N. Koblitz: p-adic Numbers, p-adic Analysis, and Zeta-Functions, Springer-Verlag, 1984.
MR 86¢:11086
[15] H. Matsumura: Commutative Algebra, Second Edition, Benjamin/Cummings Publishing Co.,
1980. MR 82i:13003
[16] J. Neukirch: Algebraische Zahlentheorie, Springer-Verlag, 1992.
[17] @. Ore: On a Special Class of Polynomials, Trans. Amer. Math. Soc. 35 (1933), 559-584.
[18] Y. Taguchi: Semi-simplicity of the Galois Representations Attached to Drinfeld Modules over
Fields of “Infinite Characterstics,” J. of Number Th. 44 (1993), 292-314. MR 94k:11064
[19] A. Weil: Basic Number Theory, Springer-Verlag, 1974. MR 55:302



812 BJORN POONEN

ABSTRACT. Let C be an algebraically closed field containing Fq which is com-
plete with respect to an absolute value | |. We prove that under suitable
constraints on the coefficients, the series f(z) = >, <, anz%" converges to a
surjective, open, continuous Fg-linear homomorphism C' — C whose kernel is
locally compact. We characterize the locally compact sub-Fg-vector spaces G
of C which occur as kernels of such series, and describe the extent to which
G determines the series. We develop a theory of Newton polygons for these
series which lets us compute the Haar measure of the set of zeros of f of a
given valuation, given the valuations of the coefficients. The “adjoint” series
f*(z) = ZnEZ a,ll/qnzl/qn converges everywhere if and only if f does, and in
this case there is a natural bilinear pairing

ker f X ker f* — Fq

which exhibits ker f* as the Pontryagin dual of ker f. Many of these results ex-
tend to non-linear fractional power series. We apply these results to construct
a Drinfeld module analogue of the Weil pairing, and to describe the topological
module structure of the kernel of the adjoint exponential of a Drinfeld module.
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